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We investigate the mechanical anisotropy of thin ﬁlms that consist of tantalum oxide (Ta2O5) helical nanosprings fab-
ricated by dynamic oblique deposition. Not only the vertical but also the lateral stiﬀness of thin ﬁlms is evaluated using
specimens in which nanosprings are sandwiched between solid Ta2O5 layers. Lateral or vertical force is applied to the
upper solid layer by a diamond tip built into an AFM. In particular, the lateral stiﬀness of a nanospring has never been
reported before. Apparent shear and Young’s moduli, G 0 and E 0, of the thin ﬁlms are 2–3 orders smaller than those of solid
Ta2O5 ﬁlm. Ratio E
0/G 0 of the two diﬀerent nanosprings is 3.4 and 6.2, and about 2.5 for the solid ﬁlm. The thin ﬁlms show
strong characteristic anisotropy that the solid one could hardly attain. The stiﬀness and its anisotropy strongly depend on
nanospring shape.
 2006 Elsevier Ltd. All rights reserved.
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Dynamic oblique deposition (DOD), in which the deposition angle and the in-plane direction of a substrate
are changed during deposition, enables us to fabricate a thin ﬁlm comprised of nanosprings that have helicoid,
zigzag, pillar, and other shapes (Robbie et al., 1995; Robbie and Brett, 1997; Suzuki and Taga, 2001). The
method utilizes the atomic self-shadowing eﬀect during physical vapor deposition due to deposition with a
highly oblique angle (Robbie and Brett, 1997). Spring shape can be precisely controlled by adjusting the inci-
dent angle of vapor ﬂux and substrate rotation (Robbie and Brett, 1997; Suzuki and Taga, 2001). Thin ﬁlms
consisting of nanoelements have the potential to play a key role in novel nano- or micro electromechanical
systems (NEMS/MEMS).0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.11.005
* Corresponding author. Tel.: +81 75 753 5192; fax: +81 75 753 5256.
E-mail address: hirakata@kues.kyoto-u.ac.jp (H. Hirakata).
H. Hirakata et al. / International Journal of Solids and Structures 44 (2007) 4030–4038 4031In general, mechanical property depends on morphology. For example, a helical spring can generate large
deformation even though the local strain is small. Hence, thin ﬁlms consisting of nanosprings exhibit signif-
icantly characteristic mechanical properties in comparison with solid ﬁlms. In particular, the geometrical
anisotropy of constituent nanoelements causes the mechanical anisotropy of ﬁlm. Since elongated elements
such as nanosprings or nanocolumns easily deform in the transverse direction compared with the longitudinal
one, the thin ﬁlm of arrayed nanoelements is expected to show strong anisotropy in deformation. Thus, it is
essential for engineering applications to understand the anisotropic properties.
The mechanical property of a nanospring or a thin ﬁlm consisting of nanosprings has been investigated so
far by several researchers (Seto et al., 1999, 2001; Liu et al., 2003; Singh et al., 2004; Nakamatsu et al., 2005;
Chen et al., 2003; Bell et al., 2006). Seto et al. (1999, 2001) examined the deformation of thin ﬁlms made of
helical nanosprings by a nanoindention instrument and evaluated stiﬀness in the longitudinal direction. Liu
et al. (2003) evaluated the spring constant of an individual nanospring by atomic force microscopy (AFM).
However, all of these studies are only on the deformation in the longitudinal direction; anisotropic deforma-
tion has not been studied yet.
In this study, to clarify the mechanical anisotropy of thin ﬁlms comprised of nanosprings, we experimen-
tally identify not only longitudinal but also transverse behavior.
2. Experimental procedure
2.1. Materials
Fig. 1 shows scanning electron microscopy (SEM) images of thin ﬁlms that consist of tantalum oxide
(Ta2O5) helical nanosprings with two diﬀerent structures (Materials A and B). As a base layer, a Ta2O5 solid
ﬁlm with a thickness of hb = 500 nm is deposited by electron beam (EB) evaporation under a vacuum of
6.7 · 103 Pa on a silicon (100) substrate with a thermal oxidized layer (SiO2) of 100 nm. Then, helical nano-
springs of Ta2O5 are grown by DOD using EB evaporation. The incident angle, deﬁned as the angle between
the incident ﬂux and the normal to the substrate, is set at 84, and the substrate is rotated so that the number
of turns n is 5.5 for Material A and 3.5 for Material B. Height hs is 690 nm for the former and 560 nm for the
latter. Nanosprings, which have almost identical shape in each ﬁlm, are isolated from each other, as shown in
Fig. 1. Scrutiny clariﬁes that diameter of spring wire d gradually increases from bottom to top, which is a char-
acteristic feature often observed in nanosprings by DOD (Malac and Egerton, 2001). The size of the nano-
springs is listed in Table 1. Here, m and S are the number of nanosprings contained in a specimen and the
area as described in the next section, respectively. Material B has fewer turns, a larger helical radius, and a
larger wire diameter than Material A.
2.2. Specimen and loading method
To evaluate the anisotropic property of a thin ﬁlm, deformation must be measured in diﬀerent directions:
namely, the lateral and vertical directions of nanoelements. However, it is not easy to apply a controlled force,
especially a lateral force, to thin ﬁlms comprised of nanosprings due to the discreteness and the complicated
geometry of the constituent nanosprings. Moreover, when a lateral force is applied to a nanospring in the
densely arrayed ones, deformation is obstructed by the surroundings. Thus, lateral deformation behavior
has not been reported, but several researches have been done on the vertical one. In this study, we propose
a novel method shown in Fig. 2 that overcomes the above issues. A Ta2O5 cap layer with a thickness of
hc = 175 nm (Material A) or 280 nm (Material B) is deposited by EB evaporation after the growth of nano-
springs. Then, a brick is fabricated by focused ion beam (FIB) with a beam currency of 95 pA. Thus, the ﬁlm
of nanosprings is sandwiched between the cap and base layers (Fig. 2a).
The experiments were conducted with a loading apparatus (Hysitron: Triboscope) that can precisely
measure both the lateral and vertical forces, Fl and Fv, and their displacements, dl and dv, of the loading
tip. The apparatus also provides AFM imaging of the specimen, which enables us to load at the desired
position on the specimen (Hirakata et al., 2004). Lateral or vertical force is applied to the cap layer with a
loading tip while resultant deformation in the corresponding direction is monitored, as shown in Fig. 2b
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Fig. 1. SEM images of thin ﬁlms that consist of Ta2O5 helical nanosprings formed by dynamic oblique deposition: (a) Material A, (b)
Material B, (c) schematic of a single nanospring.
Table 1
Size of Ta2O5 nanosprings
n hs, nm r, nm d, nm m/S, No./lm
2
Material A 5.5 690 50 40 ± 10 80
Material B 3.5 560 75 60 ± 10 65
n, number of turns; hs, height of spring; r, radius of helical coil; d, diameter of wire; m/S, areal number density of springs.
4032 H. Hirakata et al. / International Journal of Solids and Structures 44 (2007) 4030–4038or c. The stiﬀ cap layer enables stable loading and accurate force measurement during experiments. Inter-
ference between nanosprings can be avoided because all the nanosprings simultaneously deform in the
same direction. In lateral loading (Fig. 2b), a tetrahedral diamond tip with a vertical angle of 60 is used
for loading, and the tip angle is adjusted so that one of the side surfaces is parallel to the side edge of the
cap layer (Fig. 2b). The loading tip is dragged along the substrate surface toward the specimen at a con-
stant velocity of 5 nm/s. Fv is kept constant at a small magnitude of 5–17 lN for Material A and 15–
25 lN for Material B. Here, we conﬁrmed that the applied vertical force Fv does not aﬀect the results.
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Fig. 2. Specimen and loading method for evaluating mechanical anisotropy of nanosprings: (a) Specimen conﬁguration; specimen is a
brick consisting of a cap layer, nanosprings, and a base layer on a substrate; brick is fabricated from multilayered thin ﬁlms by FIB. (b)
Lateral loading method, (c) Vertical loading method.
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used to avoid damaging the cap layer by contact. The load is applied to the center of the top surface of
the cap layer at a constant loading rate of 10 lN/s, as shown in Fig. 2c. The specimen is unloaded at the
same loading rate after Fv reaches a speciﬁc magnitude of 9–47 lN.
In elastic deformation, the lateral stiﬀness of specimen Kl is evaluated byK l ¼ F ldl ; ð1Þ
4034 H. Hirakata et al. / International Journal of Solids and Structures 44 (2007) 4030–4038where Fl is the lateral force and dl is the lateral displacement of the loading point (Fig. 2b). Since the cap layer
is stiﬀ enough, as demonstrated in Section 3, Kl represents nanospring stiﬀness. As all nanosprings deform
identically, the apparent shear modulus of the thin ﬁlm of nanosprings G 0 is deﬁned asG0 ¼ K l hsS : ð2ÞThe lateral stiﬀness of single nanospring kl is estimated askl ¼ K lm ; ð3Þwhere m is the number of nanosprings contained in the specimen. In a similar manner, the vertical stiﬀness of
specimen Kv, apparent Young’s modulus of the thin ﬁlm of nanosprings E
0, and the vertical stiﬀness of single
nanospring kv are obtained from the following equations:Kv ¼ F vdv ; ð4Þ
E0 ¼ Kv hsS ; ð5Þ
kv ¼ Kvm : ð6ÞHere, Fv and dv are vertical force and displacement, respectively (Fig. 2c).
Nine specimens with diﬀerent areas (S = 1.0–6.2 lm2 for Material A, 1.9–13.2 lm2 for Material B) are pre-
pared for each material to verify validity of evaluation. Since areal number density m/S is constant, the num-
ber of nanosprings contained in a specimen is in proportion to S (m = 80–497 for Material A, 124–858 for
Material B). The elastic modulus of a Ta2O5 solid ﬁlm with a thickness of 400 nm on a SiO2 substrate is also
evaluated as a reference by a conventional nanoindentation method (Oliver and Pharr, 1992) where Poisson’s
ratio m is assumed to be 0.23.
3. Results
3.1. Lateral stiﬀness
Fig. 3a and b show lateral force Fl and vertical displacement dv plotted against lateral displacement dl
in a lateral loading experiment for a specimen of Material A with S = 6.2 lm2 and m = 497. Fl is nearly
0 lN, and dv is approximately constant in the region where the loading tip moves along the substrate sur-
face. The tip reaches the cap layer of the specimen at point ‘a’ (dl  0.025 lm) where Fl begins to increase.
In the range from points ‘a’ to ‘b’ (dl  0.10 lm), the Fl  dl relation is approximately linear while dv is
almost constant. This signiﬁes that the specimen elastically deforms in this region without a slip at contact
between the tip and the cap layer. After point ‘b’, the Fl  dl relation shows nonlinearity, and dv begins to
increase eminently. This suggests that the tip rises due to slip at contact. The other lateral loading exper-
iments show similar behavior.
Lateral stiﬀness Kl is evaluated by least squares approximation for the linear region in the Fl  dl curve
(period ‘a’–‘b’ in Fig. 3a). The approximated relation is shown by a broken line in Fig. 3a. The white squares
in Fig. 4a and b show the relationships between Kl and specimen area S of Materials A and B, respectively.
The number of nanosprings m in the specimen is indicated on the upper horizontal axis as a reference. Kl
increases almost linearly with an increase of S or m, ensuring the validity of the evaluation of Eqs. (2) and
(3). The mean values of G 0 and kl and their standard deviations from the mean for Materials A and B are given
in Table 2. Scatter is less than 3% for Material A and 18% for Material B. Small scatter indicates good exper-
iment repeatability. Although the scatter might be due to ununiformity of thin ﬁlms, fabrication damage by
FIB and measurement error, the detail of the reason is not clear. This is the ﬁrst measurement of the lateral
stiﬀness of nanosprings although results about vertical stiﬀness have been reported (Seto et al., 1999, 2001; Liu
et al., 2003; Singh et al., 2004; Nakamatsu et al., 2005; Chen et al., 2003; Bell et al., 2006).
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Fig. 3. Results of lateral stiﬀness experiment for specimen of Material A: (a) Relationship between lateral force and lateral displacement,
(b) Relationship between vertical displacement and lateral displacement.
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Fig. 5 shows the relationships between vertical force Fv and vertical displacement dv in the vertical loading
and unloading processes of Material A with S = 3.3 lm2 and m = 267. dv increases linearly as Fv increases.
Since both lines under loading and unloading agree well with each other, the specimen elastically deforms
in the examined range. Similar results are obtained in the other vertical loading experiments. Vertical stiﬀness
Kv of Materials A and B is summarized in Fig. 4a and b, respectively. The linear relationships ensure the valid-
ity of the evaluation. E 0 and kv are listed in Table 2. Scatter is less than 7% for both Materials A and B.4. Discussion
4.1. Stiﬀness and anisotropy of thin ﬁlms comprised of nanosprings
Apparent Young’s modulus E 0 of Materials A and B is 2–3 orders smaller than that of the solid Ta2O5 ﬁlm.
Similar results were reported for thin ﬁlms of silicon oxide nanosprings (Seto et al., 2001). On the other hand,
apparent shear modulus G 0 is also 2–3 orders smaller than that of the solid Ta2O5 ﬁlm, as shown in Table 2.
Thus, thin ﬁlms comprised of sparsely distributed nanosprings have much lower stiﬀness than their solid ﬁlm
counterparts for both normal and shear deformations.
The magnitudes of E 0 and G 0 depend on not only the stiﬀness of a constituent nanospring kv and kl but also
the spring density m/S. E 0 of both Materials A and B are approximately the same. This can be understood by
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Fig. 4. Summary of lateral and vertical stiﬀness of specimen showing dependence on area of specimen (or number of springs): (a) Material
A, (b) Material B.
Table 2
Stiﬀness of thin ﬁlms of Ta2O5 nanosprings
Experiment Model
G 0, GPa (G, GPa) E 0, GPa (E, GPa) E 0/G 0 (E/G) kl, N/m kv, N/m kl, N/m kv, N/m
Material A 0.113 ± 0.003 0.380 ± 0.027 3.4 2.05 ± 0.05 6.89 ± 0.50 0.19 2.7
Material B 0.060 ± 0.018 0.375 ± 0.026 6.2 1.66 ± 0.30 10.29 ± 0.72 1.4 6.4
Solid ﬁlm (47 ± 4) (117 ± 10) (2.5) — — — —
G 0, apparent shear modulus; E0, apparent Young’s modulus; kl, lateral stiﬀness of a single nanospring; kv, vertical stiﬀness of a single
nanospring; values of Ta2O5 solid ﬁlm are obtained from a nanoindentation method; scatter is indicated as standard deviation form mean;
values of kl and kv calculated by Eqs. (7) and (8) are also given in model columns.
4036 H. Hirakata et al. / International Journal of Solids and Structures 44 (2007) 4030–4038the fact that Material A has smaller kv and higher m/S than Material B. Meanwhile, G
0 of Material A is about
twice that of Material B, which is attributed to both the higher kl and m/S.
The ratio of E 0 to G 0 is 3.4 for Material A and 6.2 for Material B. This signiﬁes that the thin ﬁlms deform
easily under shear, as expected from the structure. Material B, which has nanosprings with larger helical radius
and larger wire diameter, shows higher anisotropy than Material A. This indicates that the degree of anisot-
ropy can be controlled by changing the physical geometry of constituent nanosprings. The ratio of E to G of
isotropic materials given as 2(1+m) must be about 3.0 at most because m = 0.5 is the maximum (For the Ta2O5
solid ﬁlm, it is expected to be 2.5 using m = 0.23.), which is much smaller than that of the thin ﬁlm of
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Fig. 5. Result of vertical stiﬀness experiment for specimen of Material A.
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some special materials such as unidirectionally reinforced composites. Thus, using the DOD method, we can
design and create nano- or submicron materials that have strong mechanical anisotropy.
In addition to low stiﬀness and strong anisotropy, the materials have remarkable mechanical properties.
Since each nanospring is isolated, no in-plane contraction of the ﬁlm takes place during vertical deformation.
In other words, Poisson’s ratio for vertical deformation must be zero. Hence, internal stress (or residual
stress), which is often the critical issue in the reliability of thin ﬁlm devises, does not exist in the thin ﬁlms,
and thereby the internal stress of the adjacent layers can be relaxed. Moreover, DOD can produce not only
the nanosprings of arbitrary materials but also nanocomponents with various physical geometries. One exam-
ple is thin ﬁlms that consist of arrayed oblique columns, which may have orthotropy in shear deformation.
The method proposed here has the potential to evaluate such unique mechanical properties.4.2. Stiﬀness of single nanosprings
The following equations are the lateral and vertical stiﬀness of a single helical spring predicted by rough
estimation based on a beam model (Wahl, 1963):kl ¼ Ed
4
64nr3
1þ 1
12
hs
r
 2
1þ E
2G
 ( )1
; ð7Þ
kv ¼ Gd
4
64nr3
: ð8ÞThe magnitudes of kl and kv calculated for nanosprings in Materials A and B are listed in Table 2. Here, since
the diameter of wire d gradually increases from the bottom to the top of the nanosprings, as shown in Fig. 1a
and b, the averaged value (d = 40 nm for Material A or 60 nm for Material B) is used. Experimentally mea-
sured kl and kv are larger than those evaluated from Eqs. (7) and (8) for both materials. This discrepancy
might be due to inaccuracy in shape and size. Because kl and kv depend on the third power of r and the fourth
power of d in Eqs. (7) and (8), a slight error in r and/or d greatly inﬂuences the results. The fact that the precise
evaluation of stiﬀness using the equations is diﬃcult for nanosprings indicates that the experimental method
proposed in this paper is useful to evaluate stiﬀness and its anisotropy of nanosprings.5. Conclusion
In this study, we examine the mechanical anisotropy of thin ﬁlms that consist of Ta2O5 helical nanosprings
fabricated by DOD. Two types of thin ﬁlms (Materials A and B) with diﬀerent geometry are prepared. Not
4038 H. Hirakata et al. / International Journal of Solids and Structures 44 (2007) 4030–4038only vertical but also lateral deformation of the thin ﬁlms is experimentally evaluated using a specimen of
arrayed nanosprings sandwiched between a cap layer and a substrate. The results are summarized as follows:
(1) Lateral or vertical force is applied to the cap layer with a diamond tip, and lateral stiﬀness Kl and vertical
stiﬀness Kv of the ﬁlms are evaluated. In particular, the lateral stiﬀness of a nanospring has not been
measured before.
(2) Apparent shear modulus G 0 and Young’s modulus E 0 are evaluated. The magnitudes of G 0 and E 0 are
about 0.113 and 0.380 GPa for Material A and about 0.060 and 0.375 for Material B, respectively. These
are 2–3 orders smaller than those of conventional solid Ta2O5 ﬁlm: G = 47 GPa and E = 117 GPa.
(3) Ratio E 0/G 0 is 3.4 for Material A and 6.2 for Material B. The thin ﬁlms show strong anisotropy, where
the ratio cannot be obtained by a solid ﬁlm (2.5 in solid Ta2O5).
(4) The results of (2) and (3) also indicate that stiﬀness and its anisotropy strongly depend on the physical
geometry of constituent nanospings.
(5) Lateral stiﬀness kl and vertical stiﬀness kv of a single nanospring are 2.05 and 6.89 N/m for Materials A
and 1.66 and 10.29 N/m for Materials B, respectively. These are larger than those estimated by equations
based on a beam model. Because the results of the equations are sensitive to shape and size errors, exper-
imental evaluation is necessary for precise understanding of the mechanical properties.
Acknowledgments
This paper was supported in part by the Center of Excellence for Research and Education on Complex
Functional Mechanics (COE program of the Ministry of Education, Culture, Sports, Science and Technology,
Japan), by a Grant-in-Aid for Scientiﬁc Research (S)(No.16106002), of the Japan Society of the Promotion of
Science, and by a Grant-in-Aid for Young Scientists (B)(No. 18760083) of the Ministry of Education, Culture,
Sports, Science and Technology, Japan.
References
Bell, D.J., Dong, L., Nelson, B.J., Golling, M., Zhang, L., Gru¨tzmacher, D., 2006. Fabrication and characterization of three-dimensional
InGaAs/GaAs nanosprings. Nano Letters 6 (4), 725–729.
Chen, X., Zhang, S., Dikin, D.A., Ding, W., Ruoﬀ, R.S., Pan, L., Nakayama, Y., 2003. Mechanics of a carbon nanocoil. Nano Letters 3
(9), 1299–1304.
Hirakata, H., Kitamura, T., Yamamoto, Y., 2004. Evaluation of interface strength of micro-dot on substrate by means of AFM.
International Journal of Solids and Structures 41, 3243–3253.
Liu, D.-L., Ye, D.-X., Khan, F., Tang, F., Lim, B.-K., Picu, R.C., Wang, G.-C., Lu, T.-M., 2003. Mechanics of patterned helical Si springs
on Si substrate. Journal of Nanoscience and Nanotechnology 3 (6), 492–495.
Malac, M., Egerton, R.F., 2001. Observation of the microscopic growth mechanism of pillars and helices formed by glancing-angle thin-
ﬁlm deposition. Journal of Vacuum Science and Technology A19 (1), 158–166.
Nakamatsu, K., Nagase, M., Igaki, J., Namatsu, H., Matsui, S., 2005. Mechanical characteristics and its annealing eﬀect of diamondlike-
carbon nanosprings fabricated by focused-ion-beam chemical vapor deposition. Journal of Vacuum Science and Technology B23 (6),
2801–2805.
Oliver, W.C., Pharr, G.M., 1992. An improved technology for determining hardness and elastic-modulus using load and displacement
sensing indentation experiments. Journal of Materials Research 7 (6), 1564–1583.
Robbie, K., Brett, M.J., Lakhtakia, A., 1995. First thin ﬁlm realization of a helicoidal bianisotropic medium. Journal of Vacuum Science
and Technology A13 (6), 2991–2993.
Robbie, K., Brett, M.J., 1997. Sculptured thin ﬁlms and glancing angle deposition: growth mechanics and applications. Journal of
Vacuum Science and Technology A15 (3), 1460–1465.
Seto, M.W., Robbie, K., Vick, D., Brett, M.J., Kuhn, L., 1999. Mechanical response of thin ﬁlms with helical microstructures. Journal of
Vacuum Science and Technology B17 (5), 2172–2177.
Seto, M.W., Dick, B., Brett, M.J., 2001. Microsprings and microcantilevers: studies of mechanical response. Journal of Micromechanics
and Microengineering 11, 582–588.
Singh, J.P., Liu, D.-L., Ye, D.-X., Picu, R.C., Lu, T.-M., Wang, G.-C., 2004. Metal-coated Si springs: nanoelectromechanical actuators.
Applied Physics Letters 84 (18), 3657–3659.
Suzuki, M., Taga, Y., 2001. Integrated sculptured thin ﬁlms. Japanese Journal of Applied Physics 40, L358–L359.
Wahl, A.M., 1963. Mechanical Springs, second ed. McGraw-Hill, New York.
